Introduction
The dynamic abnormal changes of local thermal infrared (TIR) temperature both in time and space, which were associated with earthquake activities, have been reported by many studies (Gorny et al., 1988; Tronin et al., 2002; Wang and Zhu, 1984; Zhang et al., 2010) . Further studies indicated that long-term and successive thermal fields may reflect activities of faults and large liner structure systems in the crust of the earth (Carreno et al., 2001; Ma et al., 2005) . Several data process techniques have been introduced and applied to extract possible TIR temperature anomalies caused by earthquake activities of the areas. Intuitively, the transient rise of land surface temperature (LST) may provide us a practical way to detect the TIR anomalies. The phenomenon of strong LST increase of the areas close to epicentre of Gujarat earthquake (India, 26 January 2001, M s = 7.9) appeared before the shock (Ouzounov and Freund, 2004; Saraf and Choudhury, 2005) . In order to test credibility of LST increase before Gujarat earthquake, extended LST differencing method based on multiple years of data was used (Blackett et al., 2011) . The robust satellite technique (RST), which is based on a statistically well-founded definition of "TIR anomaly", was introduced and applied to studies on the Athens earthquake (Greece, 7 September 1999, M s = 5.9) (Filizzola et al., 2004) and Izmit earthquake (Turkey, 17 August 1999, M s = 7.8) (Tramutoli et al., 2005) . A subtraction method was used to work out time series of temperature difference, from which TIR anomalies associated with earthquakes could be picked up (Yang et al., 2010) . To choose the reference background temperature which will be subtracted from later temperature images, a model of additive tectonics stress from celestial tide-generating force (ATSCTF) was introduced to select the period in which the background temperature can be chosen (Ma et al., 2012) .
The considerations of anomalies associated with seismic activities in the techniques above were directly operated only in time domain. The increase of TIR temperature was regarded as anomalies of the analysed earthquakes. However, other authors have found that careful analyses of data show that the anomalies are just as likely to have an earthquake as not to be followed by an earthquake (Blackett et al., 2011) .
The time series of brightness temperature construct signals that contain nonstationary power at different frequencies and at different times. Power spectrum method is an effective way to detect anomalous information in time series. In order to analyse power spectrum anomalies possibly associated with the Yushu earthquake, wavelet power spectrum technique is applied. One merit of wavelet method is its good resolution both in time and frequency domain. Analysed results indicated that, over the two years, relative wavelet power spectrum (RWPS) showed anomalous variations in nine cases. Two of these were followed by earthquakes, while seven were not. The RWPS anomaly for the period from 29 March to 14 April 2010 was in the southern area of the epicentre of the Yushu earthquake. Therefore, the abnormal change of RWPS during this time period was possibly associated with the Yushu earthquake. The rest of this paper is organized as follows. In Sect. 2, we describe some information of the Yushu earthquake and the brightness temperature data to be processed. In Sect. 3, we briefly introduce the wavelet power spectrum technique. In Sect. 4 the brightness temperature anomalies before the Yushu earthquake are described. In Sect. 5 we present a discussion about limitation of brightness data form FY-2E and about RWPS anomalies with no earthquakes that followed. Section 6 concludes the paper.
The Yushu earthquake and brightness temperature data
The earthquake occurred in Yushu county, Qinghai province of China, on 14 April 2010. The location of the epicentre was at 33.2 • N and 96.6 • E (Fig. 1) , and depth was 14 km (CENC, 2010, available at http://www.ceic.ac.cn/). The main shock was rated M s = 7.1 on the surface wave magnitude scale, causing more than 2000 deaths and huge property losses. The earthquake occurred as a result of strike-slipping on a NW-SE left-lateral strike-slip fault named Ganzi-Yushu fault, which is the western segment of the Xianshuihe fault. There were two surface rupture zones caused by the earthquake: one was 31 km in length and the other was 19 km. Xianshuihe fault is a large left-lateral strike-slip fault at the east of the Tibetan Plateau. It starts south of Qinghai province, runs east to west of part of Sichuan province and ends at Yunnan province of China, with more than 1400 km in length. It is the southern boundary of Bayan Har block and the northeastern boundary of Qiangtang block. Xianshuihe fault is an intensive belt of current tectonic deformation and strong seismicity in Tibetan Plateau. Many earthquakes have occurred at this belt in history (Chen et al., 2010 Great earthquakes mainly occurred at these block boundaries. Seismic activity is relative weak inside blocks (Deng et al., 2003) .
tained. For a certain pixel, the position of satellite and propagation path of thermal radiation is almost fixed. For this reason, data from a geostationary meteorological satellite are used in this paper although the resolution of polar orbit satellite is much better. The spatial coverage of data used in the paper is an area of 28.1-38.1 • N and 91.7-101.7 • E. Radiations from the sun in daytime can cause increases or relatively sharp perturbs in brightness temperature observed by satellite. To escape effects from solar radiation, the brightness temperature data from 00:00 to 04:00 LT were used in our analysis.
We used the mean of five chosen brightness temperature data as the observed value of this date. Brightness temperature time series with a time resolution of one day were gathered for every pixel. In order to extract information from more frequencies and to analyse anomalies against normality through comparison, the length of daily brightness temperature series was two years. However, some preprocessing needs to be taken on brightness temperature series before using wavelet transform method to detect anomalies. When some pixels were covered by clouds, the brightness temperature of these areas actually reflected temperature of cloudtop. It was much lower than LST under the clouds. We extracted a trend component whose period was about one year and more in brightness temperature of every pixel (e.g. red solid line in Fig. 2a ) by using a low-pass filter. A 1.5 times mean variance threshold (e.g. blue solid line in Fig. 2a ) between brightness temperature and its trend component was used to simply eliminate effects of clouds. If the brightness temperature of one pixel is lower than threshold, it was regarded as cloud-top temperature and was substituted with the temperature of its trend component of the same date. Brightness temperature of the pixel after cloud elimination is shown in Fig. 2b .
The wavelet power spectrum technique
Wavelet transform is an effective method for analysing nonstationary signal. It is widely used for studies in geophysics, seismic prospecting and other research fields (Kumar and Foufoula, 1997) . Wavelet transform is a liner time-frequency analysis method. The conflict between time resolution and frequency resolution can be well solved by changing the shape of time-frequency window. Thus, wavelet transform is localized both in time and frequency domain. The continuous wavelet transform of a signal f (t) is defined as the convolution of f (t) with a scaled wavelet function of ψ a,b (t):
where the asterisk denotes the complex conjugate, and
a . a denotes the wavelet scale, and b is the localized time index (Torrence and Compo, 1998) . Morlet wavelet is adopted in our analysis. Morlet wavelet consists of a plane wave modulated by a Gaussian in time domain:
where ω 0 is the nondimensional frequency. If ω 0 ≥ 5, Morlet wavelet satisfies the admissibility condition, and ω 0 is taken to be 6 here (Farge, 1992) . Morlet wavelet is a complex function both in time and Fourier space. Wavelet transform W ψ f (a, b) is also complex, so the information of amplitude and phase in a certain signal can be obtained. Wavelet power spectrum can be defined as |W ψ f (a, b)| 2 . The intrinsic changes of LST vary with the differences of latitude, altitude, climate, etc., which will lead to normal differences in the wavelet power spectrum images. Therefore, RWPS denoted by R ψ (a, b) is used in our analysis. RWPS is defined as the rate of |W ψ f (a, b)| 2 with the global wavelet spectrum
where
|W l f (a, b)| 2 , and N is the length of time series. In continuous wavelet transform, discrete spacing of scale factor a determines frequency resolution. The lower discrete spacing of a, and the higher frequency resolution will be obtained. Continuous wavelet method is a nonorthogonal transform. Isolated components of close frequency bands have overlapped information. High frequency resolution is not very necessary, and a is discrete with spacing of 0.5 in our analysis. In time domain, we compute everyday RWPS and localized time index b is taken as 1 here. The length of temperature time series is two years, and N is 730 or 731 as the time interval contains a leap year, in order to show normality against which anomalies might be compared. For a certain frequency band, everyday RWPS of each pixel can be obtained using wavelet transform with coefficients above. We gather RWPS of every pixel on the same date and depict everyday RWPS pictures according to the coordinates of each pixel. It is necessary to note that there are many frequency bands determined by a and N in wavelet transform. However, we focus on the frequency bands between 8 and 64 days in the period . Using this method, we can extract and analyse useful information both on time and frequency domain through time-frequency profiles. Fig. 3 . Spatial-time evolution of the RWPS based on brightness temperature data from FY-2E. For each pixel, value of RWPS means multiples of wavelet power over its average of the two years. Analysed areas are located at eastern Qinghai-Tibetan Plateau. Weather conditions are very complex at different areas, with many short-time fluctuations. Though the power of short-time fluctuations is mainly distributed at high frequency bonds (we focus on RWPS variations whose periods are greater than 8 days), there are still some noise pixels scattered in RWPS images of low frequency bonds. This situation is improved in the analysis of eastern areas of China. The main anomalies are located at the southern areas of epicentre. Anomalous areas and amplitude dwindled and earthquake occurred afterward.
The abnormal RWPS changes associated with the Yushu earthquake
The brightness temperature data from 1 January 2010 to 31 December 2011, within the area of 28.1-38.1 • N and 91.7-101.7 • E, were gathered from FY-2E data service with a spatial resolution of 5 km. We obtained a series of images showing the variations of RWPS in different frequency bands we focused on, using the wavelet method introduced above. Though we have simply eliminated effects of clouds, there were still anomalous pixels scattered in RWPS images.
Anomalies possibly associated with earthquakes (or tectonic actions) were identified obeying some rules as follows:
1. The main anomalous pixels should be gathered together, not be scattered in RWPS images.
2. Anomalies should last for days (often more than 10 days).
3. Anomalies must be distributed along tectonic fault zones, especially active fault zones.
We checked RWPS space-time evolution images of different frequency bands and found that an RWPS whose period was 8.26 days displayed anomalous thermal variations before the Yushu earthquake (Fig. 3) . It is shown in Fig. 3 that there are conspicuous abnormal RWPS changes close to the epicentre from 29 March to 14 April 2010. The epicentre was located at the northern edge of the anomalous area. In Fig. 3 , the epicentre is marked with a black star, and the black solid lines are main active faults in the area.
As is shown in Fig. 3 , the abnormal RWPS changes started to appear on 29 March and the spatial abnormal scope mainly appeared in the southern area of epicentre. There were some smaller abnormal areas in the east close to the epicentre. The abnormal area reached a maximum on 29 March and gradually dwindled with time. RWPS amplitude of main abnormal area reached a maximum of about 10, which meant that the power was 10 times its average of two years. Anomaly amplitude also gradually decreased. Since 14 April 2010, the amplitude and spatial scope of anomalies had been so small that it was hard to distinguish thermal anomalies from the background. And anomalies disappeared after the earthquake. Abnormal RWPS reached a peak both in amplitude and scope at the beginning of the whole anomaly evolution and attenuated afterward. This might present a process that LST increased for some reasons in the whole anomaly areas. Then LST dropped and anomalous scope dwindled with thermal diffusion, and returned to normal eventually. Tronin et al. (1996 Tronin et al. ( , 2000 suggested that the increase in greenhouse gas (such as CO 2 , CH 4 ) emission rates and the increase of heat flux convection before earthquakes might be the factors causing increase of LST. Another small separate abnormal area was located at the northwest of the epicentre along the same fault, but it is uncertain whether this abnormal area was associated with the Yushu earthquake because the distance from epicentre to the area was more than 400 km.
For better analysing the thermal anomalies associated with this earthquake, a 2 yr RWPS of one pixel (5 km × 5 km resolution, located at 31.8 • N, 96.3 • E), within our focused bands whose periods are between 8 and 64 days (there are six bonds in our calculation; the period of each band is displayed in Fig. 4) , is plotted in Fig. 4 to show normality in other time intervals, against which anomalies can be compared. Before the Yushu earthquake, the values of RWPS whose period was 8.26 days were much higher than those in other time intervals. RWPS of other bands did not show anomalies before the earthquake. In April 2011, the RWPS whose period was 11.7 days exceeded 5, but there were no earthquakes that occurred in the areas throughout that period. The Yushu earthquake was the only strong earthquake within the anomalous areas. Therefore, the conspicuous abnormal RWPS changes of the first frequency band were possibly associated with the Yushu earthquake. 
Discussion
Brightness temperature data from the geostationary meteorological satellite FY-2E have a high special resolution of 5 km, good time resolution and continuity because the observation is taken once an hour for the whole covering areas. For every pixel, the location of satellite and the propagation path of radiation are approximately fixed. Therefore, brightness temperature and RWPS images can be directly depicted without orbit splicing needed in polar orbit satellite. However, when pixels were covered by clouds, brightness temperature from FY-2E actually reflected the cloud-top temperature which is much lower than land surface temperature under these clouds. Although we can distinguish clouds from satellite cloud images, there is no auxiliary observation to correct brightness temperature of pixels covered by clouds. We simply eliminate cloud using a 1.5 times mean variance threshold in our work, but the effects of clouds on RWPS results still need more evaluations and analyses. All works we did above are based on a hypothesis that tectonic actions, especially earthquakes, can cause an increase of LST and its temperature increase lasts longer than shorttime fluctuations. Thus, their power could possibly be presented at different frequencies. Though we eliminate many RWPS noises and anomalies unassociated with tectonic actions under the rules in Sect. 4, there are still anomalies within which no earthquakes occurred in the anomalous periods. Among these non-earthquake anomalies, there are at least two situations which we cannot distinguish from our expected anomalies. First, if RWPS anomalies are not caused by tectonic actions but they obey our anomaly identifying rules, they cannot be eliminated. Second, if the anomalies are indeed caused by tectonic actions but no earthquakes occur, we also cannot know if they are non-earthquake anomalies until they disappear. Therefore, we use the RWPS method to extract anomalies obeying the anomaly identifying rules. Fortunately, there are RWPS anomalies before some earthquakes in our case studies. Table 1 displays RWPS anomalies of each period within our analysis areas from January 2010 to December 2011. A latitude-longitude rectangle was simply used to roughly denote the anomaly area. There are 12 anomalies satisfying the anomaly identifying rules in all frequency bands. However, the anomalies of different frequency bands with duration and area overlapped should be seen as one anomaly. The anomalies numbered 2 and 7 become one, then 5 and 12, and 8 and 10. At last we get 9 anomalies. Table 2 displays all 9 earthquake events with magnitude M ≥ 5.0 within the area of 28.1-38.1 • N and 91.7-101.7 • E from 1 January 2010 to 31 December 2011 (http://www.ceic.ac.cn/). If we regard main shock and its aftershocks as one event, there are only 4 earthquake events (actually, aftershocks are not considered in our case studies). The Nierong earthquake occurred about 18 days after anomaly numbered 1 disappeared, while we did not find anomalies before Luhuo and Nangqian earthquakes. Hence, in the whole analysis areas during the period, we find 9 RWPS anomalies with only 2 earthquake events that followed in their anomaly areas, which means 7 anomalies are not associated with an earthquake.
Conclusions
This paper presents an analysis on the brightness temperature data to identify a possible anomaly associated with the Yushu M s = 7.1 earthquake using continuous wavelet transform method. Over the two years, RWPS showed anomalous variations in nine cases. Two of these were followed by earthquakes, while seven were not. As for the Yushu earthquake, we found that the RWPS whose period was 8.26 days was much higher before the earthquake than the average of the analysed two years. The RWPS anomalies appeared on 29 March. Then the anomalous areas and amplitude dwindled with time, and finally the anomalies disappeared after earthquake. The time-dependent evolution of the RWPS anomalies makes it plausible that "heat" was emitted from the ground at anomalous areas and cooled gradually with time. The Yushu earthquake was the only huge geological event in anomalous areas during the abnormal period, so the conspicuous abnormal RWPS changes were possibly associated with the earthquake.
The wavelet power spectrum technique used in the present paper is an effective method in detecting anomalous variations in a signal. When we use continuous wavelet transform method to analyse a signal in time-frequency domain, we can obtain an RWPS of each frequency band. However, we need to check RWPS images of all bands to extract thermal anomalies that might be associated with earthquakes and other geological events, because the possibly dominant frequency bands of RWPS have not been demonstrated, which will need more earthquake case analyses. On the other hand, there are still anomalies with no earthquakes that followed, which makes false information appear when applying earthquake prediction.
